Introduction {#sec1}
============

As the world's technological demands increase, there is a push for device fabrication to become more material, energy and time efficient. Hence, materials chemists must adapt precursor design^[@ref1]^ to be better compatible with modern lower temperature deposition techniques, such as printing: a method of device fabrication that satisfies these objectives. To reap the benefits of using printing techniques for device fabrication, designer inks which transform at low temperatures (affording compatibility with low-cost flexible substrates) are needed. One class of designer ink that can be used to deposit highly conductive metal coatings is metal--organic decomposition (MOD) precursor inks.^[@ref2]^ These inks contain a metal--organic precursor in solution, and upon some form of initiation, such as thermal^[@ref3],[@ref4]^ or plasma sintering,^[@ref5],[@ref6]^ the compound decomposes to the metallic element through reduction of the metal center, along with removal of ligands as gaseous byproducts. An ideal MOD precursor should produce coatings with a conductivity comparable to the bulk metal, have a reasonable shelf life, be able to undergo low-temperature processing (\<200 °C), and require short treating times. These conditions should be satisfied in order to deposit onto low-cost flexible substrates such as paper/plastic *via* fast-moving industrial process lines. It is common for MOD complexes to require an inert atmosphere to prevent oxidation^[@ref7]^ or a reducing atmosphere (*e.g*., H~2~/formic acid vapor/titanium isopropoxide vapor)^[@ref8]−[@ref10]^ to aid conversion to the metal.

Aluminum (Al), being the fourth least resistant metal (2.65 × 10^--8^ Ω m, 20 °C)^[@ref11]^ and the most abundant metallic element in the Earth's crust,^[@ref12]^ is a popular candidate for use in MOD inks, in order to form highly electrically conductive metallic features. In addition to high conductivity, Al's very low work function makes it an excellent material to make electrodes for ohmic contact.^[@ref10]^ However, Al is highly prone to oxidation to metal oxides and hydroxides, which exhibit high electrical resistivities, which is why Al MOD precursors historically have been less extensively researched than their silver, copper, or gold counterparts.^[@ref2]^ A solution to this problem is to deposit and print Al under vacuum, though this has high operating outlays and has limitations in pattern printing on fibrous substrates such as fabric or paper.^[@ref13]^

Until the mid-1990's, chemical vapor deposition (CVD) of Al used Al alkyls because of commercial availability. Triisobutylaluminum received attention as an Al CVD precursor; however, high decomposition temperatures in excess of 500 °C are required to break the Al--C bond.^[@ref14]−[@ref16]^ An alternative approach is to use compounds containing the Al--H bond, namely aluminum trihydride compounds, which are generally more volatile and less air-sensitive.^[@ref17]^ Aluminum trihydride, AlH~3~ or alane, itself displays a low decomposition temperature (\>60 °C) and decomposes cleanly to produce Al and H~2~.^[@ref18]^ Unfortunately, alane polymerizes to form an insoluble solid, making it unable to be used in solution in the form of a MOD ink. By complexing alane with a donor atom, commonly oxygen or nitrogen, a full octet of valence electrons around the Al center is achieved, which renders the alane complex stable for polymerization, while retaining a low decomposition temperature.^[@ref15]^

The preparation and properties of such Lewis base stabilized alane compounds have been known for some time.^[@ref19]^ The first example of use of such compounds to form Al thin films from the vapor phase was in the late 1960's patent literature.^[@ref15]^ Glatfelter and co-workers^[@ref17]^ were the first to publish such work outside the patent literature two decades later, with several contributions to the field of Al metal CVD. It has only been more recently that these types of compounds have been applied to solution-based processing procedures under an inert atmosphere, again with many only featured in the patent literature, due to their highly industrially exciting applications.^[@ref20],[@ref21]^

Lee and coworkers have significantly contributed to the literature of Al-based MOD inks. In 2011,^[@ref10]^ they proposed a novel warm solution-stamping process to fabricate highly conductive Al deposits, using *n*-butylether stabilized alane, \[AlH~3~·{O(C~4~H~9~)~2~}\]. The films produced displayed excellent electrical properties on rigid and flexible substrates, with a minimum electrical resistivity of 8 × 10^--8^ Ω m, three times higher resistivity than that of bulk metal, which was achieved at a sintering temperature of 150 °C, along with promising mechanical properties. The precursor decomposed in a two-step process, with the aid of evaporated titanium isopropoxide, \[Ti(O^*i*^Pr)~4~\] (under an inert atmosphere) to aid reduction and further prevent oxidation of Al deposits. This reactive species aided thermal sintering became a popular methodology in the Lee group; however, descriptions of how the Ti catalyst is recovered/separated are not clear. Experiments without a catalyst are reported to thermally sinter at 165 °C. Lee^[@ref22]^ used the same reactive sintering process in 2012 to deposit Al films of *ca*. 50 μm thickness onto numerous types of paper---the best deposits coated inkjet printing paper with a lowest resistivity of *ca*. 6 × 10^--7^ Ω m recorded, which is approximately 23 times that of the bulk metal. In 2013, Lee et al.^[@ref23]^ employed a solution-dipping process, again using \[AlH~3~·{O(C~4~H~9~)~2~}\], which allowed the preparation of larger area substrates. Lee dipped a preheated (100 °C) and pretreated (\[Ti(O^*i*^Pr)~4~\]) substrate into the precursor solution at room temperature. In 2018, Lee's group^[@ref24]^ took major steps in industrializing the use of their \[AlH~3~·{O(C~4~H~9~)~2~}\] precursor, by applying it to an inert atmosphere roll-to-roll process to print Al thin films on polyimide (PI) using a diluted catalyst (100:1 volumetric ratio of dibutyl ether to \[Ti(O^*i*^Pr)~4~)\]. Films exhibited high durability and good adhesion, with a best resistivity of 1.70 × 10^--7^ Ω m for a film that was 60.9 nm thick, which is six times more resistant than the bulk metal.

\[AlH~3~·{O(C~4~H~9~)~2~}\] is not stable over time and as such Lee^[@ref25]^ in 2014 reported the innovative solution of producing an ink which could be produced by redissolving a powder-type alane composite. Amines are stronger Lewis bases than ethers, so they form more stable donor acceptor bonds to the alane moiety, and hence, trimethylamine alane (TMAA), \[AlH~3~·NMe~3~\] was used. TMAA was dissolved in various solvents and films were printed using a solution-stamping process (substrate at 130 °C) under an inert atmosphere. The films produced displayed excellent electrical properties on both glass and polyethylene terephthalate (PET) substrates. All the Al deposits on glass substrates with the as-prepared and 180-day-stored precursor powder show electrical resistivity levels of 5.8 to 7.0 × 10^--8^ Ω m, a minimum of just over twice as resistive as the bulk metal. Shen^[@ref26]^ had previously used a solution process using triethylamine alane (**TEAA**), \[AlH~3~·NEt~3~\] as a precursor; however, the process was expensive (Pt catalyst required), required a high boiling point amine as the solvent, and produced films of high surface roughness.

Herein, we exploit the reactivity of amine-stabilized alanes that are liquids at room temperature and can be used without further dilution or formulation. We report the use of these liquid amine-stabilized alane MOD inks to deposit a highly conductive Al metal (4.10 × 10^--5^ to 5.32 × 10^--7^ Ω m), without the need for any additives or catalysts at low temperatures (100, 120 °C), on a range of substrates including glass, PI, PET, and paper.

Experimental Section {#sec2}
====================

Materials {#sec2.1}
---------

All reagents were procured from Sigma-Aldrich/Merck unless stated otherwise. All reactions were performed using standard Schlenk and glove box techniques *in vacuo* or under an atmosphere of N~2~. All nondeuterated solvents were predried using dry solvent stills and were further dried over the appropriately sized molecular sieves (3 or 4 Å). Deuterated solvents were obtained from Cambridge Isotope Laboratories, which were degassed and stored over 4 Å molecular sieves. Both dimethylethylamine (DMEA) and triethylamine (TEA) were distilled *in vacuo* and were kept in a 7 °C fridge. AlCl~3~ anhydrous powder, sublimed for synthesis, ≥98% was used as received, and LiAlH~4~ powder, reagent grade, 95% was purified by dissolution in and recrystallization from Et~2~O using a literature procedure.^[@ref27]^**DMEAA** and **TEAA** complexes were stored in vials in a glove box fridge prior to use. Al metal films were deposited onto preheated glass, PI, PET, and paper (Fujifilm Instax) substrates with thicknesses of 1.00, 1.06, 1.05, and 0.85 mm, respectively.

Synthesis of Dimethylethylamine Alane, \[AlH~3~·NMe~2~Et\] (DMEAA) {#sec2.2}
------------------------------------------------------------------

A slurry of AlCl~3~ (1.0642 g, 7.98 mmol) in hexane (*ca*. 20 mL) was added to a slurry of LiAlH~4~ (0.9999 g, 26.4 mmol) in hexane (*ca*. 20 mL) at −78 °C, which was stirred for 30 min. Following this, DMEA (3.8 mL, 35.1 mmol) was added at −78 °C. The reaction was stirred under cooling for 30 min, before being left to stir overnight while warming to room temperature. The resultant cloudy pale grey mixture was filtered to produce a transparent colorless solution, which was concentrated by *ca*. half before being cooled to −78 °C to form a white solid in a transparent colorless solution. The solid was separated from the solution by cannula filtration under cooling. The solid was redissolved with new hexane (*ca*. 20 mL) and warmed to room temperature, before being separated at −78 °C as before. Finally, the white solid was dried *in vacuo* under cooling (\<−10 °C) to remove any excess hexane, to produce a colorless transparent liquid at room temperature (yield: 2.16 g, 65.6%).^1^H NMR (500 MHz, C~6~D~6~): δ 3.84 (br, 3H, Al-*[H]{.ul}*~3~, fwhm = 18.83 MHz), 2.38 (q, *J* = 7.3 Hz, 2H, N-C*[H]{.ul}*~2~), 2.00 (s, 6H, N-C*[H]{.ul}*~3~), 0.83 (t, *J* = 7.3 Hz, 3H, C*[H]{.ul}*~3~). ^13^C NMR (126 MHz, C~6~D~6~): δ 53.60 (N-*[C]{.ul}*H~2~), 44.06 (N-*[C]{.ul}*H~3~), 9.11 (CH~2~*[C]{.ul}*H~3~). NMR data are in agreement with the literature.^[@ref28]^

Synthesis of Triethylamine Alane, \[AlH~3~·NEt~3~\] (TEAA) {#sec2.3}
----------------------------------------------------------

A slurry of AlCl~3~ (1.0667 g, 8.00 mmol) in hexane (*ca*. 20 mL) was added to a slurry of LiAlH~4~ (1.0010 g, 24.5 mmol) in hexane (*ca*. 20 mL) at −78 °C, which was stirred for 30 min. Following this, TEA (4.9 mL, 35.2 mmol) was added at −78 °C. The reaction mixture was stirred under cooling for 30 min, before being left to stir overnight while warming to room temperature. The resultant cloudy pale grey mixture was filtered to produce a transparent colorless solution, which was concentrated by *ca*. half before being cooled to −78 °C to form a white solid in a transparent colorless solution. The solid was separated from the solution by cannula filtration under cooling. The solid was re-dissolved with new hexane (*ca*. 20 mL) and warmed to room temperature, before being separated at −78 °C as before. Finally, the white solid was dried *in vacuo* under cooling (\<−10 °C) to remove any excess hexane, to produce a colorless transparent liquid at room temperature (yield: 3.63 g, 87.2%). ^1^H NMR (500 MHz, C~6~D~6~): δ 4.09 (br, 3H, Al-*[H]{.ul}*~3~, fwhm = 190.73), 2.35 (q, *J* = 7.3 Hz, 6H, N-C*[H]{.ul}*~2~), 0.85 (t, *J* = 7.3 Hz, 9H, CH~2~C*[H]{.ul}*~3~). ^13^C NMR (126 MHz, C~6~D~6~): δ 48.21 (N-*[C]{.ul}*H~2~), 9.05 (CH~2~*[C]{.ul}*H~3~). NMR data are in agreement with the literature.^[@ref29]^

Preparation of Al Metal Depositions {#sec2.4}
-----------------------------------

Al metal thin films were deposited on numerous substrates (glass, PI, PET, and paper) by a drop-casting process. Then, 25 μL of neat liquid compound was dropped onto a preheated substrate (±1 °C error in the temperature measurement of the hot surface) under an N~2~ atmosphere inside a glove box for a fixed time period. Films were sintered using a hotplate, using a Kewtech KT116 multimeter as an external temperature control.

Preparation of Circuit {#sec2.5}
----------------------

A closed series circuit was constructed from a 9 V battery, a 10 kΩ resistor \[to prevent light-emitting diode (LED) burn out\], and a red 5 mm dual in-line package LED (fitted with a 12 V internal resistor).

Characterization (and Evaluation) {#sec2.6}
---------------------------------

NMR: ^1^H and ^13^C NMRs were collected on a Bruker 500 MHz NMR instrument at 298 K. ^1^H NMRs were calibrated using the C~6~D~6~ singlet peak at 7.16 ppm, and ^13^C NMRs were calibrated using the C~6~D~6~ triplet peak at 128.06 ppm. Thermogravimetric analysis (TGA): measurements were made using a Netzsch STA 449C Jupiter instrument, which had a sensitivity of 0.1 mg. Samples were placed in 85 μL Al pans that were sealed in a glove box and were pierced just before measurement to allow for mass loss. The samples were heated from \<30 °C up to a maximum of 300 °C, at a heating rate of 10 °C min^--1^ under the flow of He shield gas. Electrical resistance measurements: lowest resistance measurements were recorded using a Kewtech KT116 multimeter. Resistivities were calculated with these values for the thicknesses of films produced; full details of calculating the values are given in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05429/suppl_file/am0c05429_si_001.pdf). Grazing incidence X-ray diffraction (XRD): patterns were measured using a Bruker-Axs diffractometer with parallel beam optics, fitted, with a PSD LynxEye silicon strip detector. X-rays were generated using a copper source with Cu K~α1~ (λ = 1.54056 Å) and Cu K~α2~ (λ = 1.54439 Å) radiation with an intensity ratio of 2:1. The incident beam angle, θ, was kept at 1°, with the angular range of scans collected between 20° \< 2θ \< 66°. Data were collected using a step size of 0.05° counted between 0.5 and 2 s per step. X-ray photoelectron spectroscopy (XPS): analysis of the films was carried out using a Thermo Scientific K-Alpha spectrometer equipped with a monochromatic Al K~α~ source in order to identify constituent elements, their speciation and atomic%. The peaks were calibrated to the adventitious carbon 1s standard peak (284.8 eV) using CasaXPS, in order to compensate for charging of the surface. Survey scans were collected in the range of 0--1350 eV (binding energy) at a pass energy of 40 eV and were used to estimate atomic %. C 1s, N 1s, O 1s, and Al 2p regions were scanned at the surface and after a 300 s etch, with each scan lasting 20 s. Etching was achieved using an Ar ion beam with a voltage of 1 keV and current of 1.55 μA. Scanning electron microscopy (SEM): samples were sputtered with a fine layer of gold. Images were collected by JEOL JSM-6301F field emission SEM at an accelerating voltage of 5 kV. Energy-dispersive X-ray spectroscopy (EDS) was measured with an acceleration voltage of 20 kV.

Results and Discussion {#sec3}
======================

The patterning of molten metals is incompatible with affordable flexible substrates that are highly desired in the printing of electronic materials in the present day. This mismatch is due in part to the high melting point of metals (*e.g*., Al = 660 °C) and the glass transition temperature of a range of plastic substrates being considerably lower or the deformation temperature of paper (*ca*. 100 °C). An obvious solution to this problem is the use of either nanoparticle (NP) inks to print metals (limited to silver, copper, gold industrially)^[@ref30]^ or precursors in solutions, also known as MOD inks. One criticism of MOD inks is that the weight loading of the metal in these solutions is comparatively low when compared to a NP equivalent. In the work presented here, liquid Al precursors have been used as MOD inks, with no further dilution, resulting in higher weight loadings (DMEAA = 26.2% Al by mole fraction, TEAA = 20.6% Al by mole fraction).

Highly conductive Al coatings on a range of substrates (glass, PI, PET, and paper) have been deposited at low temperatures (100--120 °C) using the amine stabilized alanes: **DMEAA** and **TEAA** under an atmosphere of nitrogen ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). The expected products upon decomposition under N~2~ at elevated temperature (*i.e*. sintering conditions) are Al metal, hydrogen gas, and free amines, while in air at room temperature (*i.e*. general air-sensitive reactivity) aluminum oxide is formed in preference to metal (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05429/suppl_file/am0c05429_si_001.pdf) for reaction schemes). Conductive Al coatings (4.10 × 10^--5^ to 5.32 × 10^--7^ Ω m) comparable to the bulk metal have been achieved. To illustrate our approach that using alanes as precursors would considerably lower the temperature of deposition owing to the presence of Al--H bonds, TGA was initially carried out of **DMEAA** and **TEAA** ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b).

![Deposition of liquid MOD inks onto glass, PI, PET, and paper. (a) Schematic of the process, including chemical structures of the liquid MOD precursors (b) TGA profiles of **DMEAA** (dotted line) and **TEAA** (dashed line). (c) Schematic of the deposition process. (d) Photograph of the two-liquid MOD inks.](am0c05429_0001){#fig1}

Both complexes showed a clean single-step decomposition in TGA ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b), with the onset of decomposition beginning at 58 and 76 °C, respectively; all decomposition is complete before 150 °C. Mass losses of 70 and 66% are recorded; with mass losses of 74 and 79%, expected if pure Al metal is formed, with discrepancies in values most likely due to the volatile nature of compounds. Dissociation of the amine is the rate-determining step; hence why we observe different decomposition temperatures for the different precursors. A stronger donor--acceptor bond between the amine and alane moieties is formed in **TEAA** due to a greater amount of lone pair donation due to added hyperconjugation, as a result of having three ethyl groups compared to one in **DMEAA**, which is reflected by the p*K*~a~'s of their conjugate acids (10.65 and 9.99, respectively).^[@ref31]^ This is why we see **TEAA** decompose at a slightly higher temperature compared to **DMEAA** in the TGA profile. Decomposition of the AlH~3~ moiety is facile, with significant mass loss reported in the literature at 60 °C, which is due to a combination of weak Al--H bonds and the entropic driving force of H~2~ formation.^[@ref18]^

Following TGA, both MOD inks **DMEAA** and **TEAA** were used to deposit highly conductive Al on a range of substrates including glass, PI, PET, and paper. A simple heating setup was used ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c), and both liquid MOD inks **DMEAA** and **TEAA** ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d) were used to deposit on all substrates at 100 and 120 °C; all films were uniform, and there was a good coverage of the substrate. Interestingly, attempts to deposit at 80 °C were unsuccessful despite long sintering times (\>20 min), while metallic features were observed, the films were not conductive.

In all cases, metallic coatings on the substrate were observed, and those on paper were well adhered to the substrate, however samples on PI, PET, and glass could be scratched from the surface with a steel stylus. XRD data were collected from all films in the range of 20° \< 2θ \< 66°, which all contained patterns with three Bragg peaks at 38.5, 44.8, and 65.2°, which can be indexed to the Al metal (cubic space group: *Fm*3̅*m*) ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). Bragg peaks deriving from the substrate can also be observed in some patterns (denoted with \* and ◇), with substrate and full (unnormalized) XRD data given in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05429/suppl_file/am0c05429_si_001.pdf).

![(a) Representative XRD patterns of films deposited using **DMEAA** (left) and **TMEAA** (right) on substrates: glass (red), PI (black), PET (blue), and paper (green). Sintering temperatures are given in the center, \* and ◇ indicate PET and paper substrate peaks, respectively. (b--e) Representative top-down SEM images of films on glass, PI, PET, and paper.](am0c05429_0002){#fig2}

Scanning electron microscopy (SEM) images were taken from a representative range of samples to study their surface morphology ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b--e). The morphology of the Al particles on glass, PI, and PET is very similar, showing spherical grains, with many coalesced together because of sintering. Average grain sizes of 1.43 ± 0.09, 1.08 ± 0.05, and 1.03 ± 0.06 μm were measured for glass, PI, and PET substrates, respectively (histograms in [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05429/suppl_file/am0c05429_si_001.pdf)). The morphology of the Al film on paper is different to the other substrates, with a slightly more vermicular structure. We have previously reported work on the effect of porous substrates such as paper, which is likely the cause for the differing morphology of films on paper reported herein.^[@ref5]^ In these samples, the frequency of coalesced grains is high, with few spherical particles observed; this evidence of particles sintering together (sometimes referred to as necking) is supported by the excellent conductivity of these deposits ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Both **DMEAA** and **TEAA** have produced extremely low resistivity coatings at both 100 and 120 °C. **DMEAA** produced the most consistent results, with resistivities in the range of 8.29 × 10^--6^ to 9.57 × 10^--7^ Ω m, just one order of magnitude higher than bulk Al---while all films display excellent conductivity; the best films were deposited at 120 °C on glass and PI. There is more variation in the resistivities reported from depositions from **TEAA**, as can be seen in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} and also in the plot shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e. Measured resistivities range from 4.00 × 10^--5^ to 4.25 × 10^--7^ Ω m with the best coatings being deposited onto glass at 100 and 120 °C and on PI at 120 °C; the depositions with the highest resistivities were being found on PI, PET, and paper at the lower decomposition temperature, 100 °C---this information is consistent with the TGA data ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b), which shows complete decomposition of **DMEAA** at a lower temperature than for **TEAA** because TEA is slightly more basic than DMEA and so forms a stronger bonding interaction with the Al center which would require more energy to break. Sintering times vary between substrates because of a combination of their different thicknesses and thermal conductivities. To minimize these effects, substrates of similar thicknesses were chosen wherever possible, and substrates were preheated.

![Properties of highly conductive Al films. (a) Al 2p XPS from a film deposited at 100 °C from **DMEAA** on paper showing surface aluminum oxide, Al~2~O~3~ at 75.4 eV and Al metal at 71.8 eV. (b,c) Representative cross-sectional SEM images taken of Al films on PET and paper, respectively. (d) EDS analysis of the Al film deposited on paper showing good coverage of Al (Al, red regions) and some breakthrough to the underlying substrate (C, green regions). (e) Plot of resistivity vs temperature for depositions from **DMEAA** (circles) and **TEAA** (triangles) on glass (red), PI (green), PET (blue), and paper (black). (f) Example of an Al film deposited from **DMEAA** on paper at 100 °C cut to shape and used to light an LED in a circuit.](am0c05429_0003){#fig3}

###### Resistivity Values for Depositions Using **DMEAA** and **TEAA** onto Various Substrates at 120 and 100 °C[a](#t1fn1){ref-type="table-fn"}

  precursor   substrate   temperature/°C   time/min/s   resistivity/Ω m
  ----------- ----------- ---------------- ------------ ---------------------------------
  **DMEAA**   glass       100              1:30         8.29 × 10^--6^ ± 6.28 × 10^--7^
              glass       120              1:00         1.60 × 10^--6^ ± 4.21 × 10^--7^
              PI          100              1:30         6.38 × 10^--6^ ± 1.46 × 10^--6^
              PI          120              1:00         9.57 × 10^--7^ ± 2.33 × 10^--7^
              PET         100              2:30         1.91 × 10^--6^ ± 2.35 × 10^--7^
              PET         120              1:30         2.34 × 10^--6^ ± 4.86 × 10^--7^
              paper       100              2:00         2.98 × 10^--6^ ± 1.38 × 10^--6^
              paper       120              1:30         2.66 × 10^--6^ ± 7.77 × 10^--7^
  **TEAA**    glass       100              1:30         5.32 × 10^--7^ ± 1.35 × 10^--7^
              glass       120              0:30         4.25 × 10^--7^ ± 6.76 × 10^--8^
              PI          100              2:00         4.10 × 10^--5^ ± 1.31 × 10^--6^
              PI          120              1:30         7.44 × 10^--7^ ± 6.81 × 10^--8^
              PET         100              2:30         3.01 × 10^--5^ ± 4.54 × 10^--6^
              PET         120              2:00         3.67 × 10^--6^ ± 4.66 × 10^--7^
              paper       100              2:00         4.00 × 10^--5^ ± 2.15 × 10^--5^
              paper       120              2:00         5.32 × 10^--6^ ± 3.06 × 10^--6^

For comparison the resistivity of bulk Al is 2.65 × 10^--8^ Ω m, 20 °C (full data tables in [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05429/suppl_file/am0c05429_si_001.pdf)).

XPS measurements probing the Al 2p region were made at the surface of depositions and after a 300 s Ar ion etch of all depositions (exemplar shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). Two environments are present in each scan for every deposition, one each for aluminum oxide and the Al metal with no additional environments, which agrees with XPS data for the naturally oxidized Al metal foil.^[@ref32]^ Aluminum oxide was observed in all surface scans at *ca*. 74.5 eV, which agrees with literature values and is expected because XPS is a surface technique, with many metals (including Al) forming passive oxide layers.^[@ref32]^ Interestingly, Al metal is also present at the surface in a lower proportion at *ca*. 71.7 eV, which is in agreement with the literature, revealing that not all the metal surface has been oxidized. After the 300 s etch, the ratios of oxide to the metal decrease (34.5 to 44.3% Al metal), which is intuitive as more surface oxide has been removed by the etching process. Aluminum oxide is still present after 300 s etches, which is most likely due to the porous morphology of the films, allowing oxygen to penetrate forming a 3D network of surface alumina. A small shift in the binding energy of Al metal is observed (to *ca*. 71.8 eV) but is within error limits. The nitrogen content is 0.0% in all films, which agrees with the theory that the volatile amines are completely removed, before the alane converts to Al.

Cross-sectional SEM images were obtained for deposits on PI and PET ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b,c). Sufficient quality images for glass and paper could not be obtained because of issues involving sample preparation (scoring glass and cutting paper destroyed the film along the edge). Film thicknesses were estimated for PI and PET by taking three points along the film, with depositions on PET being marginally thicker (PI = 15.44 μm, PET = 16.46 μm).

EDS analysis of the Al coatings confirmed the presence of Al, with very small amounts of O present (\<5.4% in all cases, table in SI). For example, when **TEAA** was used to deposit Al on paper and glass (at 120 and 100 °C, respectively) EDS showed an Al content of 93.2% and 96.6%, respectively. **DMEAA** liquid MOD inks used to deposit Al on PI and PET (at 120 °C), for example, produced coatings with 85.1 and 78.5% Al which can be attributed to varying levels of carbon detection. Carbon contamination varied the most between substrates, with PI and PET substrates containing the highest amount (11.4 and 16.1% respectively). This is most likely due to the electron beam breaking through the porous film to the carbon-based substrate, as the carbon contamination for the less porous film on paper is very small (3.4%) and null for glass (0.0%), which is not a carbon-based substrate. This theory is substantiated by the EDS-layered spectra ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d, full information in [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05429/suppl_file/am0c05429_si_001.pdf)).

While all deposits of Al reported herein are highly conductive, depositions from **DMEAA** proved to be of much better quality, which adherent films being deposited on paper substrates at faster times, than the comparative depositions carried out at both 100 and 120 °C from **TEAA** ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e). As such, an example of an Al film deposited from **DMEAA** on paper at 100 °C was cut to shape and used to light an LED in a circuit highlighting the potential application for our methods ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}f).

These hydride precursors have proven to be highly suitable for deposition of conductive Al, likely owning to the presence of reactive Al--H bonds. The hydrido ligand acts threefold: first, the weak bond presents a low thermodynamic barrier to cross; second, each hydrogen in the AlH~3~ moiety provides an electron to reduce the (formally) Al(III) center to Al(0); and finally, because it is a gaseous byproduct, highly conductive features are afforded because contamination (typically carbon) is avoided in this entropically driven process.

Conclusions {#sec4}
===========

In summary, the deposition of the liquid MOD inks **DMEAA** and **TEAA** has yielded the formation of highly conductive Al (mean electrical resistivity: 8 × 10^--6^ Ω m), approximately 300 times more resistive than bulk Al metal on glass, PI, PET, and paper. Such low resistivity has potential application in superior quality electronics, such as circuitry in high frequency devices. The use of thermal sintering at ultra-low temperatures (100 and 120 °C) has shown to be an effective conversion tool which removes the need for multistep deposition routes or requirements for any catalyst additive. In addition, in our approach the careful selection and synthesis of MOD precursors that are liquids at room temperature has removed the need for dilution or further ink formulation, and as a consequence, this strategy has much potential in the realization of flexible and paper-based printing of highly conductive Al for use in electronic devices. Future work in this field should focus on the better precursor **DMEAA** because it exhibits superior performance. The precursor should be applied to more advanced/large-scaled techniques such as spin-coating or doctor-blading under inert conditions, prior to optimization eventually yielding intricate patterns *via* inkjet printing, from which scale up and inclusion within electronic circuitry would be an obvious next step.
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